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Abstract 51 
Biogeochemical gradients in streambed environments are steep and can vary over short 52 
distances often making adequate characterisation of sediment biogeochemical processes 53 
challenging. This paper provides an overview and comparison of different streambed pore-54 
water sampling methods, highlighting their capacity to address gaps in our understanding of 55 
streambed biogeochemical processes. This work, therefore, reviews and critiques available 56 
techniques for pore-water sampling to characterise streambed biogeochemical conditions, 57 
including their respective characteristic spatial and temporal resolutions, and associated 58 
advantages and limitations. A field study comparing three commonly-used pore-water 59 
sampling techniques (multilevel mini-piezometers, diffusive equilibrium in thin-film gels and 60 
miniature drivepoint samplers) was conducted to assess differences in observed nitrate and 61 
ammonium concentration profiles. Pore-water nitrate concentrations did not differ 62 
significantly between the respective sampling methods (p-value = 0.54, Kruskal-Wallis rank 63 
sum test, Table 2) with mean concentrations of 2.53, 4.08 and 4.02 mg l-1 observed with the 64 
multilevel mini-piezometers, miniature drivepoint samplers and diffusive equilibrium in thin-65 
film gel samplers, respectively. Pore-water ammonium concentrations, however, were 66 
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significantly higher in pore-water extracted by multilevel mini-piezometers (3.83 mg l-1) and 67 
significantly lower where sampled with miniature drivepoint samplers (1.05 mg l-1, p-values 68 
< 0.01, Kruskal-Wallis rank sum test followed by Dunn Tests, Table 2). Differences in 69 
observed pore-water ammonium concentration profiles between active (suction: multilevel 70 
mini-piezometers) and passive (equilibrium; diffusive equilibrium in thin-film gels) samplers 71 
were further explored under laboratory conditions. Results showed that measured pore-water 72 
ammonium concentrations were significantly greater when sampled by diffusive equilibrium 73 
in thin-film gels than with multilevel mini-piezometers (all p-values ≤ 0.02, Wilcoxon signed 74 
rank or paired t-test, Table 4).  75 
The findings of this study have critical implications for the interpretation of field-based 76 
research on hyporheic zone biogeochemical cycling and highlights the need for more 77 
systematic testing of sampling protocols. For the first time, the impact of different active and 78 
passive pore-water sampling methods is addressed systematically here, highlighting to what 79 
degree the choice of pore-water sampling methods affects research outcomes, with relevance 80 
for the interpretation of previously published work as well as future studies. 81 
1. Introduction 82 
Ecohydrological and biogeochemical processes in streambed environments have recently 83 
received increasing attention by the hyporheic research community, regulators, policy 84 
makers, restoration organisations and utility companies (Boano et al., 2014; Harvey & 85 
Gooseff, 2015; Krause et al., 2011a; Krause et al., 2014). This is due in part to the 86 
observation of ‘hotspots’ and ‘hot moments’ of biogeochemical reactivity in the hyporheic 87 
zone (HZ), where surface water and groundwater mix (Krause et al., 2011a; Krause et al., 88 
2017; Lautz & Fanelli, 2008; McClain et al., 2003; Ward, 2016). ‘Hotspots’ are zones of 89 
increased biogeochemical reactivity whereas ‘hot moments’ are temporal periods of increased 90 
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biogeochemical reactivity (McClain et al., 2003). These functions arise because hyporheic 91 
zones are characterised by high rates of microbial activity, enhanced nutrient cycling and 92 
steep redox gradients relative to surface water, leading to descriptions of HZ’s and riparian 93 
corridors as the “river’s livers” (Boulton et al., 1998; Brunke & Gonser, 1997; Fischer et al., 94 
2005; Harvey et al., 2013; Harvey & Gooseff, 2015; Pinay et al., 2018). 95 
The investigation of streambed biogeochemical processes relies upon the extraction 96 
and analysis of interstitial pore-waters, often over multiple depths and horizontal patterns and 97 
over varying timescales. However, despite the growing volume of interdisciplinary research 98 
in the HZ, there remains a lack of systematic protocols for sampling methodologies to 99 
facilitate transferability between studies (Krause et al., 2011a; Ward, 2016). Sampling, as 100 
well as data interpretation, therefore, can be challenging (Kalbus et al., 2006; Rivett et al., 101 
2008). Current sampling techniques have had varying success with capturing nutrient 102 
conditions adequately across the respectively relevant spatial and temporal scales (Boano et 103 
al., 2014; Krause et al., 2011a), ranging from short-term (minutes to hours) and small-scale 104 
(mm-m) to intermediate-term (up to several years) and medium-scale (up to several km). As a 105 
result, selecting a pore-water sampling methodology remains non-standard and likely relies 106 
on the experience of the practitioner rather than systematic selection that is well-matched to 107 
study objectives. 108 
Several pore-water sampling methodologies have been developed over the last couple 109 
of decades to best address application-specific challenges in identifying spatial patterns and 110 
temporal dynamics of streambed biogeochemical processes. In consequence, we now have at 111 
our disposal a wide range of different pore-water sampling tools and methodologies, with 112 
variations of how these methods are deployed and applied in practice. Depending on the 113 
application, the chosen methods may be based on permanent (e.g. piezometers) (Lee & 114 
Cherry, 1979; Rivett et al., 2008) or temporary (e.g. United States Geological Survey (USGS) 115 
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Minipoint samplers, Minipoints from here onwards) (Duff et al., 1998; Harvey & Fuller, 116 
1998) installations (Figure 1). Although some samplers can extend several metres in depth 117 
the majority of sampling techniques developed for extracting pore-water samples for 118 
biogeochemical analysis predominantly focus on the upper metre of the streambed, often 119 
targeting the top 0.2 m at a higher spatial resolution (Berg & McGlathery, 2000; Duff et al., 120 
1998; Harvey & Fuller, 1998; Krom et al., 1994; Rivett et al., 2008; Sanders & Trimmer, 121 
2006), with the vertical scale achievable depending heavily on the technique used, and the 122 
volume and rate of pore-water extraction. There are various technical differences between the 123 
most commonly used pore-water sampling methods, with respect to their spatial and temporal 124 
resolution, sampling volume and rates (few millilitres to several litres) (Bou & Rouch, 1967; 125 
Conant et al., 2004; Duff et al., 1998; Hunt & Stanley, 2000; Kalbus et al., 2006; Krause et 126 
al., 2013; Palmer et al., 2006; Rivett et al., 2008), maximum sampling depths (mm’s to 2 m) 127 
and sampling intervals (Bou & Rouch, 1967; Duff et al., 1998; Hunt & Stanley, 2000; Krause 128 
et al., 2011a; Krom et al., 1994; Metzger et al., 2016; Palmer et al., 2006; Rivett et al., 2008; 129 
Sanders & Trimmer, 2006). 130 
Each sampling technique may be better suited for different sampling conditions. The 131 
ease of installation of samplers in soft, sandy or silty sediments results in these streambeds 132 
being the easiest to sample (Dahm et al., 2007). Although gravel and clay sediments provide 133 
challenges to sampler installation both single-depth and multilevel mini-piezometers can be 134 
deployed after hammering or pre-drilling (Baxter et al., 2003; Geist et al., 1998; Grimm et al., 135 
2007). Miniature drivepoint samplers are less suitable for gravel, cobble and clay-rich 136 
sediments but have been successfully deployed in coarser sediments (Harvey et al., 2013; 137 
Ruhala et al., 2018), and although DET gels are less suitable gravel sediments a device for 138 
their use in armoured streambeds has been developed (Ullah et al., 2012). If river flow is too 139 
high then the use of DET gels may not be appropriate and single-depth piezometers made of 140 
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rigid pipes may become dislodged during storms (Rivett et al., 2008). The temporary nature 141 
of miniature drivepoint sampler installation may also limit their use as they may be easily 142 
disturbed. 143 
Pore-water sampling methods may be active, requiring pore-water samples to be 144 
withdrawn through actively applying pressure by suction via a syringe or pumping (e.g. 145 
piezometers), or passive through diffusion where solutes are sampled without actual pore-146 
water extraction but rather through the transfer of solutes into the respective sampler (e.g. 147 
Diffusive Equilibrium in Thin-film (DET) gels), which may influence the sampling 148 
outcomes.  149 
Streambed sediments contain pores of varying sizes and connectivity, resulting in 150 
different pore-water residence times, redox conditions and nutrient concentrations (Briggs et 151 
al., 2014, 2015; Harvey, 1993; Harvey et al., 1995). Active samplers tend to preferentially 152 
sample from macropores as the zone of sediment sampled ranges from the largest pores to 153 
those of the size related to the applied pressure (Harvey & Gorelick, 1995; Harvey, 1993; 154 
Harvey et al., 1995). In contrast, passive samplers preferentially sample micropores or matrix 155 
pores (Harvey, 1993; Harvey et al., 1995) as they do not rely on extraction of mobile pore-156 
waters. The mechanical difference between active and passive sampling may have a large 157 
effect on nutrient concentrations in the obtained samples. Additionally, the sampling duration 158 
can vary between sampling methodologies, with active samplers typically representing a 159 
snapshot in time, whereas passive equilibrium samplers represent an integration over the time 160 
of diffusive equilibrium (Berg & McGlathery, 2000; William Davison et al., 1994; González-161 
pinzón et al., 2015). If slow pumping is used with an active sampler, however, this can result 162 
in an integrated signal over a similar time period to passive techniques. There are, therefore, 163 
substantial differences between sampling techniques. How these differences affect resulting 164 
nutrient concentrations remains insufficiently understood.  165 
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Here this work aims to ascertain whether there are differences in the results obtained 166 
between different pore-water sampling methodologies to enable researchers to easily select 167 
the most appropriate technique and to enable cross-study comparisons of biogeochemical 168 
processes in streambed environments. There are three main objectives to meeting this aim: 1) 169 
To provide technical information on pore-water sampling techniques to aid in sampler 170 
selection, 2) to investigate the differences in pore-water nutrient profiles and subsequent 171 
streambed characterisation obtained from three common pore-water sampling methodologies 172 
and 3) to investigate differences in porewater ammonium profiles from the use of active 173 
versus passive samplers.  174 
A literature review of the most common pore-water sampling techniques, discussing 175 
their specific advantages and limitations for specific applications is presented. Subsequently, 176 
the outcomes of a selection of common pore-water sampling methodologies were compared 177 
in a comparative in-situ field study, assessing the ability of multilevel mini-piezometers and 178 
Minipoints (as examples of active samplers), and DET gel probes (as examples of passive 179 
samplers) (Byrne et al., 2015; Krause et al., 2011a; Ullah et al., 2012) to capture nutrient 180 
patterns in streambed pore-waters across a stream reach at varying spatial resolutions. These 181 
methods all allow pore-water nutrient concentrations to be determined at multiple depths 182 
within the streambed and cover a variety of spatial resolutions and both active and passive 183 
sampling. The more common multilevel mini-piezometer setup, with a coarser resolution and 184 
a greater depth range than Minipoints and DET gels, was used here to compare techniques as 185 
they are widely applied in field-based research. Data was, therefore, compared within the top 186 
0.15 m of the streambed, where the sampling zones of all three techniques overlap. A 187 
laboratory control experiment comparing NH4+ pore-water concentrations gained from 188 
multilevel mini-piezometers and DET gels was conducted to determine whether differences 189 
observed in the in-situ study were due to sampler differences or field-specific conditions. 190 
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2. Literature review: Comparison of sampling techniques 191 
Various literature reviews have previously provided comparative analyses of the performance 192 
of experimental methods for streambed characterisation, however, these have either 193 
predominantly focussed on methodologies to determine hydrological properties of 194 
streambeds or on only active or passive sampling (e.g. Davison et al., 2000; González-Pinzón 195 
et al., 2015; Kalbus et al., 2006; Landon et al., 2001; Scanlon et al., 2002). This study 196 
focusses on the comparison of streambed sampling methodologies developed to analyse 197 
vertical profiles of nutrients, which enable ecohydrological investigations across surface 198 
water-groundwater interfaces. A summary of the following literature review can be found in 199 
Table 1. 200 
2.1 Active Samplers 201 
2.1.1 Single-depth piezometers and mini-piezometers 202 
Single-depth piezometers are used to sample pore-water at depths of up to several metres and 203 
are typically constructed from a steel, polyvinyl chloride (PVC) or high-density polyethylene 204 
(HDPE) pipe, which is screened at the bottom end over the desired vertical range; the bottom 205 
of the pipe is then blocked (Figure 1) (Argerich et al., 2011; Baxter et al., 2003; Conant et al., 206 
2004; Dahm et al., 2007; Geist et al., 1998; Grimm et al., 2007; Lee & Cherry, 1979; 207 
Lewandowski et al., 2015; Rivett et al., 2008). A screened section varying between tens and 208 
hundreds of millimetres is utilised depending on whether depth-specific or depth-integrated 209 
sampling is required (Baxter et al., 2003; Dahm et al., 2007; Geist et al., 1998; Winter et al., 210 
1998). An alternative design, using porous (20 m mean pore diameter) HDPE pipe, which 211 
does not require a screened section has also been used (Wondzell & Swanson, 1996). Whilst 212 
piezometers sample water at a single depth, multiple piezometers may be nested to allow 213 
sampling at multiple depths, covering a larger horizontal instrument footprint, which are 214 
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typically sampled consecutively (Battin et al., 2003a; Baxter et al., 2003; Käser et al., 2009; 215 
Krause et al., 2009). The instrument footprint of a single piezometer is typically 10-50 mm in 216 
diameter (Argerich et al., 2011; Baxter et al., 2003; Blume et al., 2013; Conant et al., 2004; 217 
Dahm et al., 2007; Geist et al., 1998; Krause et al., 2009; Rivett et al., 2008; Valett et al., 218 
1994; Wondzell & Swanson, 1996), which can result in a relatively large instrument footprint 219 
when a nested design is utilised. Piezometers are deployed in the streambed usually for 220 
longer time scales of several weeks to years (Argerich et al., 2011; Dahm et al., 2007; Lee & 221 
Cherry, 1979), and the extracted pore-water sample represents a snapshot of the conditions at 222 
the time of sampling (González-Pinzón et al., 2015). Prior to sampling, piezometers have to 223 
be purged of water by pumping until dry or until multiple times the water volume has been 224 
removed if complete purging is not feasible (Johnson et al., 2004; Krause et al., 2009; 225 
Lapworth et al., 2009). Pore-water is sampled from the piezometer with a pump or syringe 226 
once it has refilled, hence, the pore-water is not extracted through suction from the sediment, 227 
but through ambient pore-water flow into the piezometer (Dahm et al., 2007), and is, 228 
therefore, affected by the hydrological conditions of the stream i.e. gaining or losing and 229 
surface water level.  230 
Advantages: 231 
Information on exchange fluxes between stream and subsurface, and properties such as 232 
hydraulic gradients and hydraulic conductivity can be obtained in the piezometer at the depth 233 
of sampling (Argerich et al., 2011; Baxter et al., 2003; Dahm et al., 2007; Datry et al., 2015; 234 
González-pinzón et al., 2015; Grimm et al., 2007; Kalbus et al., 2006; Lee & Cherry, 1979; 235 
Valett et al., 1994), allowing hydrological and chemical information to be gained at the same 236 
location and through the same sampling device. The wide diameter of the piezometer also 237 
enables permanent installation of loggers to measure a variety of parameters including 238 
temperature, electrical conductivity, turbidity and pressure. The design, with water flowing into 239 
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the piezometer (Dahm et al., 2007), allows larger volumes of water to be extracted than is 240 
attainable with other sampling methods. Furthermore, piezometer installation is 241 
straightforward in sandy and silt sediments, and if a wider spatially-integrated signal is required 242 
the relatively large sampling footprint may be advantageous. 243 
Limitations: 244 
Single-depth piezometers must be installed with sufficient time prior to sampling for the 245 
natural conditions of the streambed to re-establish, this time can be long (hours to days), 246 
especially when installing into clay, silt or shale sediment (Lewandowski et al., 2015; Ohio 247 
EPA, 2012). Piezometer installation in gravel and clay sediments can be difficult, and 248 
requires substantial hammering or pre-drilling of the sediment (Baxter et al., 2003; Geist et 249 
al., 1998; Grimm et al., 2007). The time taken for the piezometer to refill after purging can be 250 
long, in some cases prohibiting sampling, exposing pore-water to exchange with the 251 
atmosphere affecting dissolved gases. Additionally, the horizontal instrument footprint of the 252 
piezometer is relatively large, and the achievable vertical resolution is low compared to other 253 
techniques. Although hyporheic pore-water fluxes can be estimated, this assumes vertical 254 
flow is present, which is not always the case (González-pinzón et al., 2015), and reaction 255 
rates cannot be determined with this technique. Additionally, if the larger piezometer design 256 
is used (up to ~ 50 mm) this may alter the hyporheic flow at the sampling location (Ward et 257 
al., 2011). 258 
2.1.2 Multilevel mini-piezometers 259 
Multilevel mini-piezometers consist of a number of small Tygon© or PTFE tubes of different 260 
lengths, which are fitted around a larger diameter central steel, PVC or HDPE tube (acting as 261 
a more traditional piezometer, Figure 1) (Krause et al., 2013; Lewandowski et al., 2011, 262 
2015; Rivett et al., 2008; Shelley et al., 2017). The piezometer design allows the extraction of 263 
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pore-water at multiple discrete sampling depths and intervals, with minimal lateral spacing, 264 
which are defined by the user (Rivett et al., 2008). Sampling depths are typically between 0.1 265 
and 2 m (Gooddy et al., 2014; Heppell et al., 2013; Krause et al., 2011b; Krause et al., 2013; 266 
Lansdown et al., 2015; Rivett et al., 2008; Shelley et al., 2017), with a vertical sampling 267 
interval of 0.1 m (Lansdown et al., 2015; Rivett et al., 2008; Shelley et al., 2017), although a 268 
vertical spatial resolution up to 50 mm is achievable with a low pore-water extraction rate 269 
(Rivett et al., 2008). The horizontal instrument footprint of the multilevel mini-piezometer 270 
setup is small, usually ~ 30 mm in diameter due to a relatively small diameter central 271 
piezometer tube, allowing depth profiles to be sampled over a small horizontal area of the 272 
streambed (Krause et al., 2013; Rivett et al., 2008; Shelley et al., 2017). Multilevel mini-273 
piezometers are deployed into the streambed to usually remain for time periods between 274 
several days to years (Rivett et al., 2008), and the extracted pore-water sample represents a 275 
snapshot of the conditions at the time of sampling. Sample volumes are typically small and 276 
collected slowly with a syringe or with a peristaltic pump at a low flow rate, which limits 277 
disturbance to the hyporheic flow, as well as allowing a higher vertical resolution to be 278 
achieved (Krause et al., 2013; Lewandowski et al., 2015). If low pumping rates are used then 279 
the time taken for sampling may integrate a changing nutrient signal if sampling under 280 
rapidly changing environmental conditions. The multiple depths of the multilevel mini-281 
piezometers may be sampled simultaneously or consecutively. A pore-water sampler 282 
combining attributes of the single-depth piezometer and the multilevel mini-piezometers has 283 
recently been developed, using a relatively large central piezometer (32 mm outer diameter) 284 
up to 4 m depth (Gassen et al., 2017). Sampling ports are connected to the central tube so that 285 
the sampling resolution varies from 0.05 to 0.5 m, depending on which zone is being sampled 286 
at that depth. Although this affords high-resolution sampling at critical zones with a large 287 
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depth profile, this sampling methodology retains the issues associated with a large horizontal 288 
instrument footprint. 289 
Advantages: 290 
Hydraulic gradient, hydraulic conductivity and hyporheic exchange can be determined in the 291 
central piezometer tube provided its internal diameter is large enough to be manually dip-292 
metred (Baxter et al., 2003; Dahm et al., 2007; Grimm et al., 2007; Lee & Cherry, 1979), while 293 
residence times and hyporheic water fluxes may be determined in the multilevel tubes, 294 
therefore, reaction rates can also be calculated using this technique (Shelley et al., 2017). 295 
Multilevel mini-piezometers allow pore-water samples to be extracted from discrete depths, 296 
enabling vertical solute profiles to be captured (Krause et al., 2013; Rivett et al., 2008). Their 297 
design, which is both compact and user-defined, leads to easy installation in soft sediment 298 
(Dahm et al., 2007) and a small sampling diameter (Krause et al., 2013; Rivett et al., 2008; 299 
Shelley et al., 2017), as well as a flexible vertical depth and resolution (Rivett et al., 2008), to 300 
target focus areas based on the specific research questions. The central piezometer tube is 301 
flexible and so bends with surface water flow resulting in a more storm-resilient piezometer, 302 
less likely to be displaced or contaminated during storms, than more traditional, rigid single-303 
well piezometers (Rivett et al., 2008). The flexible design also causes less visual disturbance; 304 
therefore, these samplers are also less prone to vandalism. Furthermore, the larger range of 305 
sampling available when using multilevel mini-piezometers allows streambed biogeochemistry 306 
to be investigated at a higher spatial (vertical) resolution and depth. Sampling with syringes or 307 
pumping into syringes prevents contact with the atmosphere eliminating issues of exchange of 308 




The hydrological information gained via hydraulic gradients is difficult to determine in the 311 
discrete depths of the multilevel mini-piezometers, due to the small diameter of the multilevel 312 
sampling tubes (Rivett et al., 2008). Only the central piezometer tube, therefore, can provide 313 
information on hydraulic gradients (Krause et al., 2013; Rivett et al., 2008). Hence, it is not 314 
possible to ascertain this information for each sampling depth and only information at the 315 
deepest location of the piezometer is available. Additionally, the central tube is usually too 316 
small to allow installation of continuous monitoring devices for hydraulic heads, electrical 317 
conductivity, turbidity or different solute chemical parameters. There is a risk of disrupting 318 
the vertical solute profile during sampling, as drawing samples at too high flow rate or at too 319 
great a vacuum may cause overlap in the sample area between depths or alter preferential 320 
flow (artificially increasing horizontal or vertical flow) in the streambed (Krause et al., 2013). 321 
The sampling interval achievable using multilevel mini-piezometers is relatively coarse 322 
(typically 50-100 mm’s) compared to other discrete depth-sampling techniques (Berg & 323 
McGlathery, 2000; Duff et al., 1998; Harvey et al., 2013; Rivett et al., 2008; Sanders & 324 
Trimmer, 2006). The piezometers are usually installed several days in advance of sampling to 325 
allow the sediment to re-settle around the piezometer and for the ambient flow conditions to 326 
re-establish (Lewandowski et al., 2015). In gravel or clay sediments, installation can be more 327 
difficult and may require pre-drilling of a hole or substantial hammering to install the 328 
piezometer into the streambed (Baxter et al., 2003; Grimm et al., 2007). Although hyporheic 329 
fluxes can be estimated, this assumes vertical flow is present, which is not always the case 330 
(González-pinzón et al., 2015).  331 
2.1.3 Miniature Drivepoint Samplers 332 
Miniature drivepoints have been developed to sample streambed chemistry at high vertical 333 
resolution with minimal disturbance caused at the streambed (Berg & McGlathery, 2000; 334 
Duff et al., 1998; Harvey & Fuller, 1998; Sanders & Trimmer, 2006). Several variations and 335 
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design adaptations have been developed over time, including: 1) six ~3 mm diameter, 336 
stainless steel drivepoints fixed in a 0.1 m diameter circle on a plastic disk (USGS Minipoint 337 
sampler, shown as example in Figure 1) (Duff et al., 1998; Harvey & Fuller, 1998), 2) nine 8 338 
mm diameter drivepoints held in a PVC or stainless steel ring (Sanders & Trimmer, 2006) 339 
and 3) a single 2.4 mm diameter, stainless steel drivepoint, which is deployed successively 340 
for spot sampling through six guiding holes in a 47 mm diameter circle on an acrylic plate 341 
(Berg & McGlathery, 2000).  342 
Water is sampled through a screened section near the tip of the drivepoint, which typically 343 
comprises of slots (Duff et al., 1998; Harvey & Fuller, 1998) or holes (Berg & McGlathery, 344 
2000; Sanders & Trimmer, 2006). The drivepoint samplers are installed to discrete, user-345 
defined depths to enable the upper 0.4 m of the streambed to be sampled at high vertical 346 
resolution, between 10 and 30 mm (Berg & McGlathery, 2000; Duff et al., 1998; Harvey et al., 347 
2013; Harvey & Fuller, 1998; Sanders & Trimmer, 2006). The horizontal instrument footprints 348 
of miniature drivepoint samplers are relatively large resulting in pore-water samples collected 349 
from different depths over a wider area than those from a multilevel mini-piezometer. These 350 
samplers are usually installed shortly before sampling, enabling them to be used as roaming 351 
samplers, with extracted samples representing a snapshot of the conditions at the time of 352 
sampling (González-Pinzón et al., 2015; Sanders & Trimmer, 2006). Due to the usually low 353 
pumping rates used for sampling, however, this time can be long. Samples collected using 354 
miniature drivepoint samplers tend to be of relatively small volume (1.5-70 ml) (Berg & 355 
McGlathery, 2000; Duff et al., 1998; Harvey & Fuller, 1998; Sanders & Trimmer, 2006) and 356 
are extracted slowly using a syringe or a peristaltic pump with very low flow rates (Berg & 357 
McGlathery, 2000; Duff et al., 1998; Harvey & Fuller, 1998). This prevents the ambient 358 
hyporheic flow from being disturbed, as well as maintaining a high vertical resolution (Duff et 359 
al., 1998; Harvey & Fuller, 1998). The discrete sampling depths may be sampled 360 
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simultaneously (Duff et al., 1998; Harvey et al., 2013; Harvey & Fuller, 1998) or consecutively. 361 
Sampling with syringes or pumping into syringes prevents contact with the atmosphere 362 
eliminating issues of exchange of dissolved gases. 363 
Advantages: 364 
Residence times, hyporheic fluxes and hyporheic exchange can be determined at multiple 365 
depths using miniature drivepoint samplers (González-pinzón et al., 2015), providing 366 
measurements that allow calculation of reaction rates (Harvey et al., 2013; Knapp et al., 367 
2017). The combination of small sample volumes and low extraction rates enables sampling 368 
with minimal disturbance to the ambient hyporheic flow, allowing high-resolution pore-water 369 
extraction, which is difficult to achieve with other piezometer methods (Harvey & Fuller, 370 
1998). The small diameter of miniature drivepoint samplers (Berg & McGlathery, 2000; Duff 371 
et al., 1998; Harvey & Fuller, 1998; Sanders & Trimmer, 2006), enables easy and rapid 372 
installation with minimal disturbance to the streambed. This allows the drivepoints to be 373 
sampled shortly after deployment and used effectively as roaming samplers where probes are 374 
installed, sampled and then removed, before installation at a new location. The short 375 
deployment time also enables unstable and unconsolidated sediments, which may move 376 
frequently between events, to be sampled. Pore-water samples can be pre-filtered at the tip of 377 
the probe through its design (Berg & McGlathery, 2000) or glass wool (Sanders & Trimmer, 378 
2006), or filtered in-line during pumping (Harvey et al., 2013). 379 
Limitations: 380 
Given the temporary nature of the installation of miniature drivepoint samplers, they cannot 381 
be installed for long periods and so longer temporal studies would not be conducted in 382 
exactly the same location, additionally, their ease of deployment and removal for roaming 383 
surveys means these samplers may be more easily disturbed than permanent installations, and 384 
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so the depth of sampling could be compromised. The success of miniature drivepoint sampler 385 
installation can be heavily dependent on sediment type as deployment in gravel, cobble or 386 
clay-rich sediments is challenging (Ruhala et al., 2018), despite this, samplers have been 387 
successfully used in coarser sediments (Harvey et al., 2013). The relatively large horizontal 388 
instrument footprint (Berg & McGlathery, 2000; Duff et al., 1998; Sanders & Trimmer, 389 
2006), resulting in samples from different depths not being vertically aligned where 390 
drivepoints are held in sampling arrays as is the designs of many drivepoints, may result in 391 
inaccurate vertical profiles where small-scale heterogeneity in sediment properties occurs. 392 
Pore-water samples must be extracted from miniature drivepoint samplers at a low rate to 393 
prevent pore-water being drawn from outside of the intended sampling depth, and to prevent 394 
changes in preferential flow, to preserve the high spatial resolution (Berg & McGlathery, 395 
2000; Harvey et al., 2013; Harvey & Fuller, 1998; Sanders & Trimmer, 2006). The screening 396 
or filter at the base of miniature drivepoint samplers is prone to clogging in silt, clay or 397 
organic-rich sediments, which may disrupt sampling and reduce the lifetime of the filter 398 
(which tends to be difficult to change) if one is used with the drivepoint design. It is not 399 
possible to determine information on hydraulic gradients from these samplers due to the 400 
small inner diameter of sampling tubes. Hyporheic fluxes can be estimated under the 401 
assumption that vertical flow is present, which is not always the case (González-Pinzón et al., 402 
2015).  403 
2.2 Passive Equilibration Samplers 404 
2.2.1 DET gel probes 405 
DET gel probes (Davison et al., 1991; Harper et al., 1997) are passive samplers consisting of 406 
a polyacrylamide hydrogel (Davison et al., 1994; Krom et al., 1994; Mortimer et al., 1998; 407 
Ullah et al., 2012), which contains ~95% water, is between ~0.4 to 1.8 mm thick, and housed 408 
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in a plastic probe (Davison et al., 1991; Harper et al., 1997; Krom et al., 1994; Ullah et al., 409 
2012). DET gels are available in either NaNO3 or NaCl buffer, with the buffer dependent on 410 
the type of solutes to be analysed (DGT Research Ltd; www.dgtresearch.com). Rather than 411 
extracting pore-water actively from the streambed, solutes in the investigated substrate 412 
diffuse across the DET gel membrane, into and out of the gel, until equilibrium with the pore-413 
water is reached (Davison & Zhang, 1994; Davison et al., 1991; Davison et al., 1994; Harper 414 
et al., 1997). The gel probes are then removed from the sediment, the gel sliced at the 415 
required vertical resolution, and back-equilibrated with a known volume of ultrapure water 416 
(Krom et al., 1994; Mortimer et al., 1998). The concentration of solute in the DET gel slices 417 
and hence, the pore-water is determined from this eluate (Harper et al., 1997).  418 
Commercially available DET gels are typically 0.15 m in length and so this vertical range is 419 
usually sampled, however, they have also been modified and used for streambed pore-water 420 
sampling at depths up to 0.3 m (Figure 1) (Ullah et al., 2012). The vertical resolution attained 421 
by the DET gel is determined by the interval at which the gel is either partitioned within the 422 
probe or immediately sliced at upon removal from the sediment (Davison et al., 1994; 423 
Mortimer et al., 1998). Vertical sampling resolutions in the mm range are possible if slicing 424 
occurs fast enough after removal to avoid vertical diffusion within the gel or if the DET gel is 425 
constrained at the desired resolution (Dočekalová et al., 2002; Harper et al., 1997; Krause et 426 
al., 2013; Krom et al., 1994; Ullah et al., 2012). Recently, DET gels have been combined 427 
with colorimetry and hyperspectral imagery, which enables two-dimensional nitrite and 428 
nitrate distributions to be simultaneously measured at millimetre scale (Metzger et al., 2016). 429 
The horizontal instrument footprint of the DET gel probe is ~5 mm x 40 mm, however, the 430 
exposed membrane of the gel is only 18-20 mm wide (Krause et al., 2013; Krom et al., 1994; 431 
Mortimer et al., 1998). DET gel probes are usually deployed into the sediment for at least 72 432 
hours prior to retrieval to allow ambient flow conditions to re-establish after installation and 433 
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equilibrium with the pore-water to be reached (Byrne et al., 2015a; Mortimer et al., 1998; 434 
Ullah et al., 2012). Due to the DET gel being an equilibration technique the samples collected 435 
represent an average of the biogeochemical concentrations dynamics over the time of 436 
diffusive equilibration within the sediment i.e. the time for solute concentrations to 437 
equilibrate between pore-water and gel rather than deployment time (Berg & McGlathery, 438 
2000; Davison et al., 1994). The nature of this technique means that all depths are sampled 439 
simultaneously and environments which are diffusion-dominated with low solute velocities 440 
are most suitable for sampling with diffusion equilibrators (Duff et al., 1998). 441 
Advantages: 442 
The passive sampling of solutes through diffusion into the sampler prevents potential issues 443 
associated with streambed pore-water extraction preventing crossover between depths as long 444 
as diffusion within the gel is minimum (Dočekalová et al., 2002; Harper et al., 1997). 445 
Installation in soft sediment is quick and easy, requiring only pushing into the sediment by 446 
hand. The DET gel sampler has a very high vertical resolution (Harper et al., 1997; Krom et 447 
al., 1994; Ullah et al., 2012), and the horizontal instrument footprint is small minimising the 448 
lateral distribution of the vertical profile (Krause et al., 2013; Krom et al., 1994; Mortimer et 449 
al., 1998). Despite the potential for the highest spatial resolutions of all analysed methods any 450 
biogeochemical patterns lesser or equal to the gel slicing resolution cannot be resolved (Harper 451 
et al., 1997). 452 
Limitations: 453 
Difficulty can arise in deployment of DET gel probes in gravel sediments, although Ullah et 454 
al. (2012) developed a stainless-steel installation device and successfully deployed the DET 455 
gel probes in an armoured gravel bed. As the DET gel probe is not a piezometer, no 456 
hydrological information, such as hydraulic gradients or hyporheic flow can be ascertained 457 
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from the device, therefore, information is limited to pore-water solute concentrations. The 458 
long time required for DET gel deployment prior to sampling requires careful planning 459 
(Mortimer et al., 1998; Ullah et al., 2012). Furthermore, the vertical resolution may be 460 
compromised by vertical diffusion within the DET gel, which is dependent on gel thickness 461 
and time between removal and slicing (Davison et al., 1994; Harper et al., 1997). The 40 mm 462 
wide plastic frame of the gel bears the risk of altering the hyporheic flow at the sampling 463 
location (Ward et al., 2011).  464 
3. Comparative study of sampling methodologies 465 
The literature review indicated key differences between the common streambed sampling 466 
technologies available, most notably in sampling technique (active versus passive), spatial 467 
and temporal resolution, and sampling range. Here we explore these differences through a 468 
comparative experimental analysis using some of the most frequently used sampling 469 
methodologies with important differences. These methodologies include active and passive 470 
sampling techniques and span a range of vertical resolutions and sampling scales. 471 
3.1 Method comparison experiment 472 
3.1.1 In-situ Experiment 473 
An in-situ field study was performed to compare the impact of applied pore-water sampling 474 
methods on observed streambed nutrient patterns, using multilevel mini-piezometers and 475 
Minipoints (as examples of active samplers), and DET gel probes (as examples of passive 476 
samplers) (Byrne et al., 2015; Krause et al., 2011a; Ullah et al., 2012). 477 
3.1.1.1 Study site 478 
The study was conducted in the Hammer stream in West Sussex, UK (Figure 2), which is 479 
typical of lowland rivers experiencing increased nitrate loading. The Hammer is a sandy 480 
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stream, which drains a 24.6 km2 catchment with bedrock predominantly made up of 481 
Greensands and Mudstones (Blaen et al., 2018; Shelley et al., 2017; BGS, 2016). Land-use 482 
within the catchment is predominantly agricultural, with smaller patches of deciduous broad-483 
leafed woodland, with the Hammer stream flowing through a deciduous forested valley at the 484 
experimental site (Blaen et al., 2018; BGS, 2016), and the mean annual precipitation is 790 485 
mm (UK Met Office, 2016). 486 
The application of the different field sampling methods focussed on an approximately 60 m 487 
meandering reach of the stream (Figure 2), where the streambed was dominated by spatially-488 
homogeneous, sandy sediment (Shelley et al., 2017). The study reach is characterised by 489 
multiple bedforms including pools and bars, and has extensive woody debris. Stream discharge 490 
at the experimental site typically ranged between 70 and 120 l s-1, however, discharge may 491 
exceed 1000 l s-1 during storm events that typically occur in winter (Blaen et al., 2018). The 492 
river valley is underlain by expansive, low conductivity peat deposits and clay lenses at 1-2 m 493 
depth, which inhibit groundwater upwelling, therefore, the regional groundwater contribution 494 
is not expected to cause significant inputs (Shelley et al., 2017).  495 
3.1.1.2 Multilevel mini-piezometers 496 
Pore-water samples were collected on the 9th July 2015 from 40 multilevel mini-piezometers 497 
(Figure 2c), installed more than one year in advance of the experiment. Pore-water samples 498 
(10 ml) were manually collected from the multilevel mini-piezometers at depths of 0.1, 0.2, 499 
0.3, 0.5 and 1 m using a syringe.  500 
Pore-water samples were immediately filtered (0.45 m Whatman) into acid-washed (10% 501 
HCl) vials, stored cool and in the dark in the field, and frozen once returned to the laboratory 502 
until laboratory analysis. Pore-water samples were analysed for nitrate and ammonium 503 
concentration using a continuous flow analyser (San++, Skalar, Breda, The Netherlands), 504 
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with a limit of detection and precision of 0.01±5% and 0.001±1% mg N l-1 for ammonium 505 
and nitrate, respectively. 506 
3.1.1.3 Minipoint Samplers 507 
Pore-water samples were collected twice between the 16th and 18th June 2015 from 16 508 
Minipoint samplers (Figure 2c), installed on the day of sampling. Pore-water samples (50 ml) 509 
were slowly pumped from the Minipoint samplers using a multi-channel peristaltic pump at 510 
depths of 25, 50, 75, 100, 125 and 150 mm. Surface water samples were also taken at this 511 
time. Pore-water samples collected from Minipoint samplers were immediately filtered (0.45 512 
m Whatman) into acid-washed (10% HCl) vials, stored cool and in the dark in the field, and 513 
frozen once returned to the laboratory until laboratory analysis. Pore-water samples were 514 
analysed for nitrate and ammonium concentration using a continuous flow analyser (San++, 515 
Skalar, Breda, The Netherlands). A different Skalar instrument was used for the samples from 516 
each method resulting in Minipoint sampler samples analysed with an accuracy and precision 517 
of 0.1 and ±0.02 mg NH4+-N l-1 and 0.14 and ±0.01 mg NO3--N l-1, respectively, and a limit of 518 
detection of 0.02 mg N l-1 for ammonium and nitrate, using three mg N l-1 standards. 519 
3.1.1.4 DET gels 520 
The DET gels were deployed on the 10th and 11th June 2015, so that they were co-located 521 
with 21 of the multilevel mini-piezometers. The DET gels were removed on the 17th June 522 
2015 and sliced at 50 mm intervals (ultrapure water-rinsed blade on an acid-washed (10% 523 
HCl) board) within 5 minutes of removal. The DET gel slices were stored in acid-washed 524 
(10% HCl) centrifuge tubes at 4°C until laboratory analysis within four months.  525 
Elution of DET gels 526 
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The gels were weighed to determine the volume of water within the DET gel slice (assumed 527 
water content of 95%) and 5 ml of ultrapure (18.2 MΩ) water added to each tube. The gels 528 
were back-equilibrated by shaking, on ice, for 20 hours, after which, the gels were removed, 529 
and the eluate frozen for storage until analysis. Eluate samples were analysed for nitrate and 530 
ammonium concentration using a continuous flow analyser (San++, Skalar, Breda, The 531 
Netherlands), with an accuracy and precision of 0.1 and ±0.02 mg NH4+-N l-1 and 0.14 and 532 
±0.01 mg NO3--N l-1, respectively, and a limit of detection of 0.02 mg N l-1 for ammonium and 533 
nitrate, using 0.61 and 1.01 mg N l-1 standards, respectively. The concentration within the gel, 534 
and hence the pore-water, was then calculated using the volume of water within the gel slice. 535 
3.1.2 Laboratory Experiment 536 
Fine, sand-dominated stream sediment was collected from the Mill Brook at the Birmingham 537 
Institute of Forest Research, Staffordshire, UK in May 2016, see Blaen et al. (2017) for site 538 
information. Moist sediment was sieved (16 mm), homogenised and placed into three 10 L 539 
containers. Solutions of varying ammonium concentrations (0.0, 4.9 and 10.0 mg NH4+ l-1) 540 
were made from a stock of NH4Cl and 10 L of solution was added to each of the three 541 
containers resulting in saturated sediment, and DET gels and multilevel mini-piezometers, 542 
with sampling depths of 25, 75 and 125 mm, were installed into the sediment. After three 543 
days, the DET gels were removed and sliced at 50 mm intervals, and the multilevel mini-544 
piezometers were sampled. Three additional DET gels were equilibrated in ultrapure water 545 
(18.2 M) for 24 hours for quality control purposes. The DET gels were processed as 546 
detailed in chapter 3.1.1.4, and all samples were stored frozen until analysis. 547 
3.1.3 Statistical Analysis 548 
The nitrate and ammonium data obtained from each technique in the field and laboratory 549 
studies were checked for normality and equality of variances, and the appropriate parametric 550 
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or non-parametric test applied to determine whether differences between methods were 551 
significant. In the field study, assessment of any differences (p-value <0.05) in measured 552 
nitrate and ammonium from the three sampling methods were determined using the non-553 
parametric Kruskal-Wallis rank sum test. If significant differences between the groups were 554 
identified, a Dunn test was performed to identify which groups were statistically different. In 555 
the laboratory study, significant differences (p-value <0.05) in ammonium between sampling 556 
methods were determined using a paired t-test or the equivalent non-parametric Wilcoxon 557 
rank sum test. 558 
3.2 Results 559 
3.2.1 Field Study 560 
3.2.1.1 Pore-water Nitrate 561 
Vertical concentration profiles in the top 1 m of the streambed 562 
The comparison of the techniques in this section, and all subsequent sections, refers to 563 
the precision of the techniques, as the actual pore-water nutrient concentrations are unknown. 564 
The nitrate depth profiles observed varied depending upon which sampling technique was 565 
used (Figure 3); the greatest individual porewater nitrate concentrations were observed in the 566 
DET gel samples, however, more samples taken with the Minipoints had relatively high 567 
concentrations. The concentrations in the multilevel mini-piezometer samples were 568 
predominantly lower than those found during sampling with either the DET gels or the 569 
Minipoints. Mean pore-water nitrate concentrations were determined at each sampling depth 570 
used for each method and were typically highest in the data from the DET gels (3.78 to 4.34 571 
mg l-1), although the highest mean pore-water concentrations in the shallowest depths were 572 
found using the Minipoints (10.22 and 5.86 mg l-1 at 2.5 and 5 cm, respectively). The largest 573 
range of mean pore-water nitrate concentrations per depth was observed in the Minipoint data 574 
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(9.67 mg l-1, Figure 4). There was no statistically significant difference (p-value = 0.54, Table 575 
2) in nitrate concentrations between the methods used. The clearest trend in mean pore-water 576 
nitrate concentration with depth was observed in the Minipoint data (Figure 4), where mean 577 
pore-water nitrate concentrations decreased non-linearly with depth, from 10.2 to 0.54 mg l-1 578 
over a depth interval of 25 to 150 mm below the streambed interface. The small range in 579 
mean concentrations per depth captured by the DET gels and multilevel mini-piezometers 580 
(3.78 to 4.34 mg l-1 and 0.73 to 2.53 mg l-1 for DET gels and multilevel mini-piezometer 581 
samples, respectively) prevented such a clear trend from being observed, although the vertical 582 
concentration profile from the multilevel mini-piezometer data was similar to the one 583 
observed in the Minipoints (Figure 4). 584 
Vertical concentration profiles in the top 0.15 m of the streambed 585 
Descriptive statistics were calculated individually for each method from all of the data 586 
collected in the top 0.15 m of the streambed as this represents the overlap of the window of 587 
detection for the sampling methods. The highest mean pore-water nitrate concentration was 588 
observed in the Minipoint samples (4.08 mg l-1) and DET gel samples (4.02 mg l-1), in 589 
comparison the mean pore-water nitrate concentration measured in the multilevel mini-590 
piezometer samples was only 2.53 mg l-1. The highest coefficient of variation and range were 591 
observed with the DET gels (173.36 and 34.23 mg l-1, respectively), however, the lowest 592 
coefficient of variation was found in the Minipoint samples (135.05) and the lowest range in 593 
the multilevel mini-piezometer samples (15.00 mg l-1, Table 3). The coefficient of variation 594 
of the multilevel mini-piezometer data and the range of the Minipoint data were intermediate 595 
of these values (151.78 and 17.62 mg l-1, respectively). There was, however, no statistically 596 
significant difference (p-value = 0.27, Table 2) in nitrate concentrations in the top 0.15 m 597 
between the methods used. 598 
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3.2.1.2 Pore-water Ammonium 599 
Vertical concentration profiles in the top 1 m of the streambed 600 
The observed pore-water ammonium depth profiles varied between the three 601 
techniques (Figure 3); with the largest values and range observed in samples from multilevel 602 
mini-piezometers, and the lowest concentrations observed with the Minipoints. Mean pore-603 
water ammonium concentrations were determined at each sampling depth used for each 604 
method and the largest mean concentrations (3.83 to 5.73 mg l-1) and range (1.90 mg l-1) were 605 
observed in the multilevel mini-piezometer samples, and the smallest mean concentrations 606 
(0.50 to 1.56 mg l-1) and range (1.06 mg l-1) were observed in the Minipoint data (Figure 4). 607 
Differences in pore-water ammonium concentrations between the three methods were 608 
statistically significant (p-value < 0.01, Table 2), with significant differences between all 609 
sampling methods (all p-values <0.01, Table 2). The most pronounced trend in mean pore-610 
water ammonium concentration with depth was observed in the Minipoint data, where 611 
concentrations increased linearly with depth from 0.50 to 1.56 mg l-1 (Figure 4), and the 612 
multilevel mini-piezometer data indicated a maximum in pore-water ammonium 613 
concentration of 5.73 mg l-1 at 0.2 m. 614 
Vertical concentration profiles in the top 0.15 m of the streambed 615 
Descriptive statistics were calculated individually for each method from all of the data 616 
collected in the top 0.15 m of the streambed as this represents the overlap of the window of 617 
detection for the sampling methods. The highest mean pore-water ammonium concentration 618 
was observed in the multilevel mini-piezometer data (3.83 mg l-1), whereas the lowest was 619 
observed in the Minipoint sampler data (1.05 mg l-1). The mean pore-water ammonium 620 
concentration observed with the DET gels was intermediate of these values (2.32 mg l-1). The 621 
coefficient of variation was highest in the Minipoint samples (188.57) and lowest in the 622 
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multilevel mini-piezometer samples (74.67), whereas, the range was highest in the multilevel 623 
mini-piezometer data (11.64 mg l-1) and lowest in the Minipoint data, with a similar range 624 
observed with the Minipoint samplers and DET gels (10.02 and 10.18 mg l-1, respectively, 625 
Table 3). For the top 0.15 m, the differences in pore-water ammonium concentrations 626 
between the three methods were statistically significant (p-value <0.01, Table 2), and were 627 
significant between all sampling methods (all p-values <0.01, Table 2).  628 
3.2.1.3 Surface water concentrations 629 
Mean surface water nitrate concentrations were high (14.27 mg l-1), whereas surface water 630 
ammonium concentrations were low (0.10 mg l-1). 631 
3.2.2 Laboratory Experiments 632 
A comparison of the mean pore-water ammonium concentration at each depth showed that 633 
the concentration in the DET gel samples was higher than in the multilevel mini-piezometer 634 
samples at all depths (Figure 6). It should be noted, however, that pore-water ammonium 635 
concentrations were slightly higher in the multilevel mini-piezometer data than in the DET 636 
gel data in two samples (0.14 and 0.08 mg l-1 higher, high concentration solution, 25 mm 637 
depth). The differences in pore-water ammonium concentrations obtained by the two methods 638 
were statistically significant at all depths (p-value = 0.02, 0.02 and <0.01 for 2.5, 7.5 and 12.5 639 
cm depths, respectively, Table 4). Pore-water nitrate concentrations were not measured 640 
during these laboratory experiments as no nitrate was detectable in the DET gel samples after 641 
processing. The ammonium concentrations in the DET gel samples, which were equilibrated 642 
in ultrapure water (as quality control), were below the limit of detection, and so were 643 
effectively zero. 644 
3.3 Discussion 645 
3.3.1 Field Study 646 
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Despite the variations in pore-water concentrations observed using the different sampling 647 
techniques discussed in detail below, these differences were not statistically significant with 648 
respect to nitrate (p-value > 0.54), suggesting that the choice of sampling techniques did not 649 
have a significant effect on the outcome of analysed pore-water concentrations. This would 650 
be expected given that the samplers do not all sample the same depths of the streambed and 651 
that they were not co-located hence the variability between different locations was greater 652 
than the variability between techniques. Even though the differences were not statistically 653 
significant, there were differences observed and these affected biogeochemical classification 654 
of the streambed (see detailed discussion below), therefore, the methods used should be 655 
carefully chosen to capture the data required to address experimental hypotheses. 656 
On the other hand, there was a statistically significant difference in pore-water ammonium 657 
concentrations (p-value < 0.01) obtained by the different pore-water sampling techniques, 658 
indicating that the selected sampling technique can have wide implications for experimental 659 
results. It is somewhat surprising that there was no statistically significant difference in the 660 
pore-water nitrate concentrations, given that pore-water nitrate concentrations have been 661 
shown to be sensitive to active versus passive sampling techniques (Briggs et al., 2015). 662 
Although significant differences between these methodologies were observed, care should be 663 
taken when comparing results gained from differing sampling techniques. 664 
The differences in concentrations measured with the three pore-water sampling techniques 665 
may be explained by some key differences in sampler principles and setup. The Minipoint 666 
samples revealed mean pore-water concentrations at the first sampling depth that were higher 667 
in nitrate and lower in ammonium concentrations than samples obtained from the multilevel 668 
mini-piezometers. However, as both techniques use active sampling methods, similar 669 
concentrations would be expected. The difference may be explained by the common 670 
multilevel mini-piezometer setup used, where pore-water is sampled at a coarser resolution 671 
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over a larger depth range (Krause et al., 2013; Rivett et al., 2008). Here the shallowest depth 672 
sampled with the multilevel mini-piezometers was 100 mm, therefore, any downwelling 673 
surface water, which is high in nitrate and low in ammonium at this site, would already have 674 
been affected by streambed processes occurring at shallow sampling depths (Battin et al., 675 
2003b; Knapp et al., 2017; O’Connor & Harvey, 2008), whereas the Minipoint samples at 25 676 
mm would capture this surface water signature more efficiently. This is furthermore 677 
evidenced by other research at this study site, which found that nitrate entering the streambed 678 
in surface water was immediately reduced (Shelley et al., 2017). The depth of sampling, with 679 
most of the multilevel mini-piezometer samples extracted from greater than 0.3 m depth, may 680 
also explain why this technique resulted in the lowest pore-water nitrate concentrations and 681 
the highest pore-water ammonium concentrations, as a different section of the streambed is 682 
being sampled. The results here correspond with previous observations of significant rates of 683 
denitrification between depths of 50 mm and 0.7 m in streambed sediments (Stelzer et al., 684 
2011), however, previous research at this site found low rates of nitrate reduction at depths 685 
greater than 0.60 m (Shelley et al., 2017). It is important to note that multilevel mini-686 
piezometers may be designed to sample at a finer resolution in the top 0.2 m of the 687 
streambed, with an achievable sampling resolution of 50 mm (Rivett et al., 2008).   688 
Analysis of the DET gel samples yielded different concentrations than samples obtained from 689 
Minipoints, despite these two techniques sampling similar depths within the streambed. Both 690 
samplers, however, are mechanically different; DET gels are passive samplers  (Byrne et al., 691 
2015; Krause et al., 2011a; Ullah et al., 2012) whereas the Minipoints are active samplers, 692 
hence Minipoints are likely to sample pore-water from more mobile macropores and the DET 693 
gels from micropores or matrix pores (Harvey, 1993; Harvey et al., 1995). The Minipoints 694 
may, therefore, predominantly sample mobile water (often downwelling surface water in the 695 
near-surface sediment), which primarily flows through the macropores, whereas, the DET 696 
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gels should predominantly sample less mobile micropores less likely to reflect surface water 697 
concentrations. Macropores and micropores have differing characteristics with shorter 698 
residence times, more oxygenated conditions, lower rates of denitrification and higher rates 699 
of nitrification typically observed in macropores than micropores (Briggs et al., 2015), which 700 
may explain the higher pore-water nitrate and lower pore-water ammonium concentrations 701 
found in the Minipoint data. 702 
Similar differences in ammonium concentrations in active versus passive samplers have been 703 
observed previously where larger ammonium concentrations were observed in DET gel 704 
samples than in multilevel mini-piezometer samples (Mortimer et al., 1998; Ullah et al., 705 
2012), however, no differences have also been observed (Krom et al., 1994; Mortimer et al., 706 
2002). This may also have affected the vertical profiles obtained from the Minipoints and the 707 
DET gels, with a non-linear decrease in pore-water nitrate and a linear increase in pore-water 708 
ammonium observed with depth in the Minipoint data, which was not seen with the DET 709 
gels. Despite the hypothesis presented here more rigorous testing of the pore space sampled 710 
by active versus passive samplers is required to determine whether this accounts for the 711 
differences in ammonium concentrations observed between DET gels and active samplers. 712 
Furthermore, as porewater was extracted using Minipoints the samples for laboratory analysis 713 
were extracted in-situ, however, as the DET gel only samples solutes into the polyacrylamide 714 
gel a solution has to be created for analysis in the laboratory using back-equilibration. This 715 
process could produce differences in pore-water concentrations between the two sampling 716 
techniques, especially given that here gel slices were back-equilibrated on ice for 20 hours. 717 
The time required for back-equilibration was not tested here and so the time used (20 hours) 718 
may have been unnecessarily long, and is sufficient for potential changes in resulting pore-719 
water concentrations to occur. Additionally, the difference in sampling resolution (25 mm in 720 
the Minipoints and 50 mm in the DET gels), may have had some effect on the vertical profile, 721 
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however, it is difficult to interpret the effect due to the multidirectional nature of hyporheic 722 
flow (Bencala, 1993; Mulholland & DeAngelis, 2000). 723 
These differences in sampler principles and setup may also have affected the vertical trends 724 
of nitrogen species observed, with the clearest trend observed in the Minipoint data. 725 
Minipoint samplers were able to sample the mobile pore-waters in the most biogeochemically 726 
variable upper zone of the streambed (Battin et al., 2003b; Knapp et al., 2017; O’Connor & 727 
Harvey, 2008; Shelley et al., 2017), allowing for influences of downwelling surface water 728 
and biogeochemical processes to be observed in the profile. The lack of trend in the DET gel 729 
data was unexpected, especially given that DET gels have previously been used to capture 730 
biogeochemically active zones within sediment (Comer-Warner et al., 2017; Ullah et al., 731 
2012, 2014). 732 
The samples collected using the investigated methods were not ideally co-located nor 733 
sampled simultaneously. Samples were collected from multilevel mini-piezometers at a 734 
different time (9th July 2015) than those from the DET gels (17th June 2015) and Minipoint 735 
samplers (16-18th June 2015), and the Minipoint samplers were not co-located with the DET 736 
gels and multilevel mini-piezometers (see Figure 2c). Despite the sampling variations we 737 
believe the discussion remains valid due to co-located samplers requiring sufficient distance 738 
between them to prevent interference, therefore, even co-located samplers may not sample 739 
the same parcel of water. This is particularly important where there is large variability in 740 
nutrients at small-scales, which has been observed in the Hammer Stream (Shelley et al., 741 
2017). The techniques were utilised individually to gather insight into the reach-scale 742 
streambed biogeochemistry inferred from nutrient profiles obtained from each method, 743 
therefore, all data from each sampling technique were compared rather than individual 744 
nutrient profiles. We believe the presented results are crucial observations of wider relevance, 745 
since outcomes from different sampling techniques are often used interchangeably without 746 
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considering effects inherent to the technique. The quantitative comparison presented here, 747 
therefore, provides valuable information on the validity of assumptions that different 748 
sampling techniques provide comparable results. 749 
The differences in results from the streambed samplers utilised in this case study may have 750 
resulted from variations in the window of observation, vertical resolution and sampler 751 
principles (active versus passive) between the methods. These differences may lead to 752 
conflicting characterisation of the biogeochemical conditions influencing streambed pore-753 
water concentrations within the study reach; therefore, potentially different conclusions could 754 
be drawn based on the analysis of results from studies that apply only one method.  755 
For the field case study presented here the streambed characterisation did vary between the 756 
methods used. The multilevel mini-piezometer samples indicated a stream reach 757 
characterised by reduced conditions and anoxia, leading to a decrease in pore-water nitrate 758 
and increase in pore-water ammonium (Dahm et al., 1998; Duff & Triska, 2000; Lansdown et 759 
al., 2016; Lansdown et al., 2014; Naranjo et al., 2015). This was reflected in the vertical 760 
profiles of mean pore-water concentration values obtained with the multilevel mini-761 
piezometers, which indicated surface water high in nitrate and low in ammonium penetrating 762 
the subsurface. There was then a decrease in pore-water nitrate and increase in pore-water 763 
ammonium with depth (Figure 4c).  The DET gel data indicated a stream reach characterised 764 
by areas of oxygenated sediment, leading to a few points of high pore-water nitrate 765 
concentration (Dahm et al., 1998; Duff & Triska, 2000; Holmes et al., 1994; Jones et al., 766 
1995; Naranjo et al., 2015; Seitzinger, 1994), within a streambed similar to that described in 767 
chapter 3.1.1 for the multilevel mini-piezometer data. This perhaps contributed to the lack of 768 
trend in mean pore-water nitrate and ammonium concentrations with depth in the DET gel 769 
samples, with little vertical variation in mean pore-water concentrations making it difficult to 770 
infer biogeochemical process information (Figure 4a).  771 
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In contrast, the Minipoint data indicated a stream reach characterised by oxidising conditions, 772 
leading to high pore-water nitrate and low pore-water ammonium concentrations (Dahm et 773 
al., 1998; Duff & Triska, 2000). The mean pore-water concentration profiles obtained from 774 
the Minipoints indicated a decrease in pore-water nitrate coupled with an increase in pore-775 
water ammonium with depth (Figure 4b). This is likely due to surface water, which is high 776 
nitrate and low ammonium concentration here, entering the streambed, before a decrease in 777 
pore-water nitrate and increase in pore-water ammonium at greater depths resulting from the 778 
majority of biogeochemical processing occurring in the upper few centimetres of sandy or 779 
fine-grained sediments (Battin et al., 2003b; Knapp et al., 2017; O’Connor & Harvey, 2008; 780 
Shelley et al., 2017), which are characteristic of the study site (Shelley et al., 2017). 781 
The streambed characterisation was likely affected by differences in sampler set-up and 782 
principles. The window of detection and vertical resolution varied between sampling methods 783 
with multilevel mini-piezometers sampling at greater depths and over a wider range (0.1 to 1 784 
m) than the Minipoints (0.025 to 0.15 m) and the DET gels (0.035 to 0.135 m), while the 785 
Minipoint samplers had the highest vertical resolution (25 mm) compared to the DET gels 786 
(50 mm) and the multilevel mini-piezometers (0.1 to 0.5 m, depending on depth). This 787 
resulted in the majority of the multilevel mini-piezometer data originating outside the top, 788 
biogeochemically reactive layer of the streambed, whereas all of the data from the Minipoints 789 
and DET gels were collected from within the top 0.15 m. Additionally, the higher vertical 790 
resolution of the Minipoint data, and to a lesser extent the DET gel data, allows small-scale 791 
pore-water concentration dynamics to be observed. These combined may explain why pore-792 
water nitrate was lower and pore-water ammonium was higher in the multilevel mini-793 
piezometer samples, as these concentration dynamics are often also observed with increasing 794 
depth below the sediment surface. Typically due to increased anoxia and therefore, an 795 
accompanying increase in denitrification and decrease in nitrification (Dahm et al., 1998; 796 
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Duff & Triska, 2000). The difference in sampling resolution utilised in the top 0.15 m of the 797 
streambed enabled clearer trends in nutrient depth profiles to be determined in the Minipoint 798 
data than in the DET gel data. 799 
As discussed in chapter 3.3.1 the difference in sampler principles between Minipoints and 800 
DET gels, i.e. active versus passive sampling, likely also influenced the streambed 801 
characterisation, resulting in DET gels preferentially sampling different pore-waters to the 802 
Minipoints. This explains the higher pore-water ammonium concentrations and the lower 803 
pore-water nitrate concentrations in the top sampling depths observed in the DET gels than 804 
the Minipoints. Additionally, the variability in observed concentrations may be enhanced by 805 
the upwelling that was observed locally with the Minipoint samplers at three locations, 806 
whereas surface water was downwelling at all other locations. 807 
The differences in behaviour between pore-water nitrate and ammonium profiles observed 808 
are expected due to the fundamental differences in biogeochemical processes that each 809 
nutrient experiences. Ammonium and nitrate are involved in many redox reactions but are 810 
predominantly affected by differing redox conditions in streambeds and will, therefore, be 811 
present at varying concentrations depending on oxygen availability (Bollmann & Conrad, 812 
1998; Davidson, 1991; Heppell et al., 2013; Lansdown et al., 2012, 2015; Quick et al., 2016; 813 
Well et al., 2005). Furthermore, the sorption of ammonium to clay sediment produces 814 
additional controls on the availability and fate of ammonium (Duff & Triska, 2000), which do 815 
not directly affect nitrate. 816 
3.3.2 Laboratory Experiment 817 
The laboratory experiment allowed further investigation of the effect of active versus passive 818 
sampling on resulting ammonium concentrations that was observed in the in-situ data. The 819 
ammonium concentrations observed in the data from the DET gels were greater than those 820 
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observed in the samples obtained from the co-located multilevel mini-piezometers in all three 821 
ammonium sediment concentrations used, (Figure 6), which has been observed previously 822 
(Ullah et al., 2012). We believe that the discrepancy between techniques, between 31 and 823 
56% over the different depths in this experiment, is further evidence of the difference in 824 
sampling principles between active and passive samplers. DET gels equilibrated in ultrapure 825 
water resulted in ammonium concentrations below the limit of detection (0.02 mg N l-1) and 826 
confirmed that the high pore-water ammonium concentrations observed in the DET gels 827 
during the in-situ or laboratory experiments were not introduced from the DET gels 828 
themselves. 829 
As mentioned in chapter 2.2.1, the DET gel is a passive, diffusive equilibrium sampler 830 
(Byrne et al., 2015; Krause et al., 2011a; Ullah et al., 2012) sampling micropores, whereas, 831 
the multilevel mini-piezometers are active samplers relying on a vacuum or pumping action 832 
to sample the ‘free’ pore-water that occupies macropores. The DET gels preferential 833 
sampling of micropores/matrix pores (Harvey, 1993; Harvey et al., 1995) can explain the 834 
large differences in pore-water ammonium concentrations found between the two 835 
methodologies due to active and passive samplers sampling different pore-waters and 836 
therefore, different chemical signatures, as outlined in detail in chapter 3.3.1. 837 
The difference in pore-water ammonium concentrations observed between the data from the 838 
DET gels and the multilevel mini-piezometers was statistically significant (p-values <0.05) 839 
indicating that the principles of the sampling methodology (active versus passive) used can 840 
greatly influence the resulting concentration of ammonium. When designing an experiment, 841 
the researcher should, therefore, carefully consider whether they need to target macropores or 842 
micropores to address their research questions, or if they need to utilise a combination of both 843 
active and passive sampling methods. Furthermore, the methods discussed in this paper are 844 
all ex-situ in nature, i.e. samples are collected from the streambed and analysed in the 845 
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laboratory. In-situ pore-water chemistry measurement methods are also available, and 846 
continue to be developed, these methods have the advantage of capturing the intended 847 
concentration dynamics without issues of contamination or concentration changes associated 848 
with transport, storage and laboratory analysis. These methods should, therefore, also be 849 
considered during experimental design.  850 
4. Conclusions 851 
As interest in hyporheic biogeochemistry continues to increase, along with the volume of 852 
interdisciplinary research conducted in the HZ, the development of standard sampling 853 
protocols and further sampling methods is required. The three samplers (multilevel mini-854 
piezometers, Minipoint samplers and DET gels) discussed in this study mainly differ with 855 
respect to the absolute sampling depth they can reach, the achievable vertical spatial 856 
resolution and the pore sizes (and therefore mobile versus immobile water) samples are 857 
predominantly extracted from. Although samplers such as Minipoints and DET gels provide 858 
high-resolution nutrient profiles in the top few centimetres of the streambed, where the 859 
majority of biogeochemical cycling occurs, multilevel and single-depth piezometers remain a 860 
valuable tool for the investigation of deeper influences of groundwater and larger scale 861 
processes. The extent of hydrological information and the macropore versus matrix zones 862 
sampled also vary with technique, therefore, care needs to be taken when selecting a 863 
methodology. Furthermore, the sampling method used may significantly affect the resulting 864 
ammonium concentrations and may result in differing conclusions on reach-scale streambed 865 
characteristics (Table 5). The research question, and desired spatial and temporal resolution 866 
will, therefore, determine which sampling technique is most appropriate to use, with each one 867 
characterised by specific advantages and limitations (Table 1). Larger scale processes 868 
including groundwater zones of upwelling and downwelling, hydrological information and 869 
contaminant plume identification and investigation at greater depths are best investigated 870 
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using multilevel or single depth mini-piezometers, which allow chemical and hydrological 871 
information to be determined at the same point within macropores at greater depths. The 872 
ability to also sample at shallower depths allows processes within the shallow streambed to 873 
be investigated although at a coarser resolution than miniature drivepoint samplers. In-depth 874 
characterisation of hyporheic zone hydrology and biogeochemical processes in the top 0.4 m 875 
of the streambed are best investigated using miniature drivepoint samplers, which allow high-876 
resolution investigation of chemical and hydrological information at the same depth within 877 
macropores. Fine-scale investigations of concentration dynamics within the top 0.15 m of the 878 
streambed are best investigated using DET gels, which allow very high-resolution 879 
measurements of the sediment matrix of micropores, but no hydrological information to be 880 
obtained, although the passive nature of this technique means it may be difficult to capture 881 
some events. 882 
The differences between pore-water sampling methodologies presented here provide 883 
guidance for future studies into pore-water nitrogen cycling, improving sampler selection 884 
based on specific research questions. This has global relevance for researchers focussing on 885 
important questions of chemical cycling within saturated sediments including the hyporheic 886 
zone, moving towards a more uniformed sampling protocol and better understanding of how 887 
the selected methodology may bias results. 888 
 Future work should continue to develop sampling methodologies with focus on in-situ 889 
methodologies that measure nutrient concentrations without the need for sample extraction, 890 
therefore, reducing the likelihood of sampling altering results. Ex-situ methodologies, such as 891 
those examined here, continue to be of importance and further development of these methods 892 
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Table Headings 903 
Table 1. Comparison of key characteristics, advantages and limitations of most frequently 904 
used streambed pore-water sampling methodologies. 905 
Table 2. Statistical test results from all data from the Hammer stream, UK, where the 906 
Kruskal-Wallis rank sum test indicated a significant difference between results obtained by 907 
the different pore-water sampling methods, a Dunn test was used to determine which groups 908 
of pore-water samples were significantly different. Statistically significant comparisons are 909 
indicated by bold p-values. 910 
Table 3. Descriptive statistics for all pore-water data from the top 0.15 m of the streambed 911 
obtained from application of DET gels, Minipoint samplers and multilevel mini-piezometers 912 
sampling at the Hammer Stream, Sussex, UK 913 
Table 4. Statistical test results from all pore-water data from the laboratory column 914 
experiments, p-values <0.05 (shown in bold) indicate a significant difference between pore-915 




Table 5. Summary results of the in-situ field comparison of nitrate and ammonium pore-water 918 
concentrations obtained from multilevel mini-piezometers, Minipoint samplers and DET gels, 919 
as well as suggested applications for the respective pore-water sampling techniques 920 
Figure Headings 921 
Figure 1. Conceptual diagram of main streambed pore-water sampling techniques for analysis 922 
of biogeochemical cycling in hyporheic zones, including (from left to right): single well 923 
piezometers, diffusive equilibrium in thin-film (DET) gels, miniature drivepoint samplers 924 
(example shown: USGS Minipoint sampler Duff et al., 1998; Harvey & Fuller, 1998), and 925 
multilevel mini-piezometers. Also shown (on the right) are the vertical ranges covered and 926 
horizontal instrument footprints of the respective pore-water sampling techniques. 927 
Figure 2. Location of a. the Hammer stream within the UK, b. the study reach (indicated by 928 
the red section) at the Hammer Stream and c. the location of the different sampling devices 929 
used in this study 930 
Figure 3. Vertical profiles of pore-water nitrate concentration (mg l-1) observed in the 931 
streambed of the Hammer Stream, Sussex, UK using a. multilevel mini-piezometers, b. 932 
Minipoint samplers and c. diffusive equilibrium in thin-film (DET) gel probes and vertical 933 
profiles of pore-water ammonium concentration (mg l-1) in the streambed of the Hammer 934 
Stream, Sussex, UK using d. multilevel mini-piezometers, e. Minipoint samplers and f. DET 935 
gels. 936 
Figure 4. Mean pore-water nitrate concentrations (mg l-1) ±1 standard deviation for each 937 
sampling depth analysed in the streambed sediments of the Hammer Stream, Sussex, UK by 938 
using a. multilevel mini-piezometers, b. Minipoint samplers and c. diffusive equilibrium in 939 
thin-film (DET) gels and mean pore-water ammonium concentrations (mg l-1) ±1 standard 940 
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deviation for each sampling depth in the streambed sediments of the Hammer Stream, 941 
Sussex, UK using d. multilevel mini-piezometers, e. Minipoint samplers and f. DET gels.  942 
Figure 5. Mean ammonium pore-water concentrations (mg l-1) ±1 standard deviation found 943 
by multilevel mini-piezometer and DET sampling at each sampling depth in the laboratory 944 
column experiments 945 
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